A new diagnostic method to measure the trajectory and orientation of a magnetized projectile traveling through opaque media in-situ has been developed. An array of magnetic field sensing coils placed around a projectile flight path produces raw voltage data that, upon analysis, yields the trajectory of the projectile. This paper discusses the theory of operation of the diagnostic, presents the analysis used to convert voltage signals to trajectory information, gives design details of the sensor array, and presents two representative experiments. In these experiments projectiles were launched from a 50-mm gun at a velocity of about 1 km/s. In both cases the projectiles perforated a 35 inch long, right circular cylinder filled with sand. Data from 24 sensing coils were recorded and analyzed to determine the trajectory and orientation of the projectiles from well before they impacted the opaque material until well after target exit. To test the validity of the method high-speed digital video cameras recorded the projectiles' entry and exit for the same sand targets. Trajectory and orientations from the magnetic tracking technique compared well to camera observations.
Introduction
Ballistic research facilities commonly expend considerable resources on down range diagnostics to accurately record the flight of projectiles. A wide variety of equipment is used to quantify projectile flight trajectories. This includes high speed film and video cameras, flash x-ray units, spark shadowgraphs, yaw cards and make/break switches to name just a few. When the research is focused on terminal ballistics it is highly desirable to ascertain a projectile's trajectory when it travels through a target and is shielded from view. There are techniques such as deep flash radiography that can obtain single static images of a projectile inside a target but there are very few reported diagnostic techniques that yield continuous determination of a projectile's position and orientation while moving in an opaque media. The need for such a diagnostic is of great importance when the target is not homogenous. This paper describes the development and first ever implementation of a diagnostic that can determine the track and orientation of a magnetized projectile while traveling in opaque media. _____________ Magnetic locators are common industrial tools used by the construction and utility industries to find ferromagnetic materials underground or embedded in other materials. These devices detect stationary objects and typically provide simple real time output. Tracking magnetized objects in motion is much more challenging. Researchers have reported the ability to track the position, velocity, and orientation of a magnetized pill moving in a human digestive track using an array of magnetic sensors [1] .
Lowery and Smith [2] review several magnetic tracking techniques in their discussion of a novel magnetic tracking technique. They point out that the short range of a magnetic dipole field requires many sensors to cover a large tracking area. This, in turn, leads to the second issue for magnetic tracking -the fact that the analysis of recorded data is computationally heavy. They identify a third issue: the earth's natural geomagnetic field constitutes a noise floor for the sensors. The five techniques cited by Lowery and Smith, all function with a data acquisition rate in the range of 1 to 120 Hz and far too slow for tracking projectiles in targets of interest reported here.
For higher speed events, induction style sensor coils are more appropriate. For example, electromagnetic railgun diagnostics often include an array of small coils positioned along the length of the barrel to monitor the acceleration and current distribution of the armature [3] . More closely related to this effort, Tansel et al. [4] report using induction coils to monitor velocity of a projectile with an internally embedded permanent magnet.
First to be described in this paper is the "theory of operation" of the diagnostic, basically a three dimensional array of sensing coils that incur induced voltages when a magnetized object passes by at high speed. Next, design details of the sensing coils and the strength of the magnetization of the projectile are provided. An example of a collected data set is given followed by a discussion of the method chosen for unfolding the trajectory information from the sensor array signals. The results are compared directly to high-speed camera observations before and after the projectile traverse an opaque target. The target is a large, sand-filled, right circular cylinder with plywood ends. While inside the cylinder the projectile undergoes considerable deceleration, is deflected slightly from the shot line and exhibits some turning. The magnetic tracker diagnostic appears to detect all of these events quite well.
Theory of Operation

Spatial Extent of a Dipole Magnetic Field
The simplest of all magnetic fields is the dipole field commonly associated with short bar magnets or small coils carrying an electrical current. The induction field, B, is computed as the curl of the vector potential by
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For a dipole, the vector potential, A, is given as ( 2) where the vector quantity m is the strength of the dipole, r is the vector that points from the dipole to the observation point, and μ o is the permittivity of free space. The dipole induction field at any point in space can be written as A Cartesian coordinate system was selected for this work. In the chosen coordinate system: the z-axis is the downrange direction with positive z being in the launch direction; the x-axis is vertical with positive x being up; and the y-axis is the horizontal direction with positive y being to the right. The origin was taken as the nominal impact point where the surveyed shot line intersects the front face of the target. The Cartesian components of the induction field can be calculated using the scalar quantity, S, defined as (4) The three vector components of the induction field are determined by substituting Equation (4) into Equation (3) and are given as (5a-5c) Fig. 2 shows sample calculations that illustrate the behavior of the magnetic field at a remote point. In these calculations, a dipole oriented along the z-axis with strength of 5 A-m 2 moves along the z-axis with a fixed velocity of 1000 m/sec beginning one meter behind the origin. The downrange sensing point was chosen to be 0.3 m above and 0.3 m to the left of the origin. The position of the moving dipole along the z-axis was calculated from zero to 2 milliseconds using small time steps. From the dipole position and orientation the three induction field component strengths were calculated from Equations (5a-5c) and are plotted in the left graph of Fig. 2 .
The resulting peak field strengths (shown on the left side of Fig. 2 ) are in the neighborhood of 4 to 6 microtesla. For reference, the earth's geomagnetic field is in the range of 25 to 65 microtesla. Given that the naturally occurring magnetic field represents a noise floor, it is not practical to design a diagnostic based on static field strength measurements for induction fields of this strength in a ballistics range environment. The resulting time derivative of the induction field, commonly referred to as B-dot, is shown on the right side of Fig. 2 . There are several options for the source of the induction field in a tracking scheme. If the projectile is nonferromagnetic, high strength permanent magnets can be embedded inside the projectile body. A second option is to embed a current carrying coil within the projectile. The current could be either AC or DC but for AC current the projectile could not be fabricated from conducting material because eddy currents in the projectile body would shield the region outside the projectile from the field within. The field source chosen for the experiments presented here was a magnetized, ferromagnetic projectile body. Details of the magnetization are given in the following section that details the elements of the diagnostic.
Sensor Voltage Pick Up
When a magnet passes by a loop of wire the magnetic field encircled by the loop undergoes a time rate of change. Faraday's Law of Induction (often referred to as Lenz's Law) equates the time rate of change of magnetic flux within the loop to the voltage drop around the loop. Faraday's Law can be written as
where B is the induction field, n is the number of turns on the sensing coil and A is the coil area. The contour integral on the (6) is over the entire perimeter of the sensing coil. It represents the full voltage induced on the coil. Note that this integral is independent of coil shape. The design selected for this work uses square coils to aid in positioning and aligning the sensors with a Cartesian coordinate system. The B-dot values shown in Fig. 2 , above, can be easily converted to sensor loop voltages by multiplying their values by the loop area and number of turns of each sensing coil as indicated in Equation (6). Again, these signatures were computed for the passage of a 5 A-m 2 dipole traveling at 1 km/s with the observation point being 0.3 meters from the z-axis in both the x and y directions.
In the work presented here an array of 24 sensing coils is employed to monitor the passage of a magnetized projectile though opaque media. Each coil has its own unique response to the projectile's location, orientation, velocity, and magnetization. The central premise of this paper is that simultaneously measuring the voltage on an array of sensing coils will permit triangulation on the projectile's location, velocity, and orientation as it traverses opaque media.
Resolving Induction Field Components with 3-axis Sensing Coils
The vector dot product between the induction field, B, and area, A, in Equation (6) makes it trivial to experimentally extract the vector components of B. For example, if the entire contour of a sensing coil lies in the x-y plane, then the only portion of the induction field that can induce a voltage is B z . Similarly, B y and B x are measured with coils that lie in the x-z and y-z planes, respectively. A two dimensional illustration of the flux linkage is presented in Fig. 3 . The field lines around the magnetized projectile must pass through the sensing coil to produce voltage. 
Elements of the Magnetic Tracking Diagnostic
There are four basic elements that comprise this diagnostic; an array of sensing coils, a projectile that possesses a magnetic field, a data acquisition system, and a numerical analysis technique needed to convert the voltage data to projectile flight information.
Sensing Coil Array
The sensing coils developed for this application are square in shape since they are wound on 3-inch nylon cubes. Each coil has 72 turns of 20 gauge magnet wire wrapped in two layers that are roughly one-inch wide. The coil inductance was measured at 550 microhenries and the resistance at 1.1 ohms. There are three coils wound on each cube to measure the three components of the induction field vector. Fig. 4 shows 24 sensing coils wound on eight cubes. Three connector plugs to route individual coil voltage to coaxial signal cables can be seen on each cube. To implement this diagnostic, a sand filled, cylindrical target is positioned in the down range portion of a ballistic range. The sensing coil cubes are positioned along the projectiles flight path both before and after the sand filled cylinder as illustrated in Fig. 5 . The sand provides significant deceleration of the projectile and is an easy medium to use on a ballistics range. 
Magnetized Projectile
The projectiles discussed here were fabricated from heat-treated Eglin steel [5] manufactured using a Vacuum Arc Remelt (VAR) process and designated as "ES-IV." This material was easily magnetized by placing the projectile in a strong magnetic field. A solenoid type coil was wound on a mandrill with ≈1300 turns of 20 AWG magnet wire wrapped to fit snugly over the projectile. A large (10,000-μF) capacitor charged to 280 volts was discharged through the coil to produce the strong magnetic field that permanently magnetized the projectile along its z-axis. A key assumption made here is that the magnetization occurred only on the long axis of the projectile. With this assumption, any magnetization detected in the x or y directions must be the result of pitch or yaw of the projectile.
After magnetization of the projectile, the z component of the magnetic field strength was measured at distances of 2 to 10-inches from the center of the projectile using a "Hall Effect" sensor, Ametes® MFS-3A. The sensor output was recorded in 1-inch increments for the distance between the center of the projectile and the magnetic field probe. The probe has a sensitivity of 280 mV/mT and a stated accuracy of +/-10 μT. Fig. 6 shows the z component of the field strength versus distance between the sensor and center of the projectile. The plotted points are overlaid with a calculation for a 3.5-cm long and 5.5-Am 2 dipole (dashed curve). The range of the strength of the Earth's geomagnetic field on the surface is shown as an orange bar for reference. Because the sensing coils must be at least 0.4 meters from the shot line, the measurement technique must be capable of measuring a small fraction of the naturally occurring magnetic field. Hence, the need to use induction coils to measure time rate of change of field rather than the magnitude of the field itself. 
Data Collected on Ballistics Range
It is obvious that a gun and ballistics range is needed to complete the diagnostic. In this case the gun is a smooth bore, 50-mm, extended length conventional propellant gun. It is located on Eglin, AFB test range C-64B. A sabot has been designed that can accommodate various projectile designs with most projectile masses in the range of 550 grams and sabot masses typically 200 grams. A typical powder charge of 700 grams can accelerate the entire launch package to velocities slightly over 1 km/s. The available data acquisition system located at the range was used to record all sensing coil voltages at 5 microsecond intervals. A sample of the data from the sensor suite is shown in Fig. 7 . There are twelve traces clustered around t=0 and twelve clustered around 1.2 ms. The earlier traces are from the forward set of sensor probes (#1-#4 in Fig.  7) while the later traces are from the sensor probes located near the back of the sand target (#5-#8 in Fig. 5 ). Before impact (t=0) the signals are smooth and orderly, however after impact oscillations appear that likely result from shocks traveling through the projectile. The projectile exits the sand filled target at about 1.2 milliseconds where most of the signals have reduced amplitudes due to the reduction in velocity as the projectile penetrates the sand. All three signals from the number 6 sensor cube are slightly stronger than the remaining sensor cubes. The number 6 sensor cube is below and to the right of the shot line as shown in Fig. 5 . Post shot examination of the exit plate of the sand target showed that the projectile exited about three inches below and an inch to the right of the pre-surveyed shot line. This simple observation gives some indication as to the sensitivity of the magnetic tracking method.
Analysis Challenge
Having shown that useful signals can be recorded from the transit of a magnetized projectile through opaque media the challenge is to find a mathematical technique that can accurately unfold the voltage waveforms and convert them to the trajectory and orientation state parameters of the projectile's flight.
In this analysis, six quantities, representing the flight path, orientation, and dipole strength of the projectile in Cartesian space, were modelled as fourth-order equations in time; the fourth-order equations give a high degree of flexibility in modelling the projectile's behavior during flight down range. The position of the magnetic center of the projectile is defined by Equations (7a-c), The 30 coefficients in Equations (7 and 8) fully describe the position, strength, and orientation of a dipole at all times. Using these coefficients all of the sensor voltages can be computed and compared to the observed signals. A set of "trial" coefficients is chosen with each repeatedly adjusted in an attempt to match the computed and observed sensor signals. This process is repeated many times by a least squares computer algorithm. In this method the full time history of all signals are used to determine the 30 trajectory coefficients. A sample of the sensor voltages from the completed optimization results for Shot 17 is shown in Fig. 8 . It compares quite well to the observations (see Fig. 9 ) with exception of the absence of the high frequency oscillations that are thought to result from shock waves in the projectile. 
Sample Results of Magnetic Tracking
The ballistics range is equipped with high speed video cameras to monitor both horizontal and vertical view of the projectile before it enters the target and after target exit. Fig. 9 shows an example of the video data of the projectile with its discarding (eight-pedal) sabot as it enters the target. The camera frame rate was 8,000 fps and the exposure time was 5 microseconds. The camera resolution was approximately 20 and 30 pixels per inch on the horizontal and overhead views, respectively. The coefficient fitting routine appears to track the down range flight of the projectile very accurately. Consequently, one must ask what effect the impact and target penetration had on the magnetization of the projectile. Initially, there was a concern that the impact would be so violent that the projectile would become demagnetized. The variation in time of the projectile's magnetic field components are presented in Fig. 11 . The curve are the the solutions to Equations (8a-c) that yield the components of the dipole moment as a function of time from impact. The box in Fig. 11 shows the region where the projectile was in the sand target. The magnitude of the dipole moment is seen to drop from 4.2 to 2.5 Am 2 during the penetration event. The data indicates that the projectile retained 60% of its magnetization after impacting and penetrating the target. Again, the assumption is that the projectile is a magnetic dipole pointing in its axis of symmetry. Any magnetic field in either the x or y direction must then result from the orientation of the projectile. The overhead high speed video cameras readily track the distance to the left or right of the pre-surveyed shot line and the actual flight path. The coefficients derived from the best fit to the sensor voltages can be used to compute this distance as well. Fig. 12 shows a comparison of the two. Again, the red diamonds are the camera observations and the blue curves are simply Equation (7b) with the optimized coefficients. Both shots entered the target very close to the shot line and veered to the right with Shot 17 showing a larger deflection than Shot 19. The portion of the trajectory (blue curves) is of most interest between the sets of camera observations (red diamond symbols) where the projectile cannot be seen.
In a similar fashion the horizontal high speed cameras readily track the distance to the above or below of the presurveyed shot line and the actual flight path. Fig. 13 shows a comparison of the two. Again, the red diamonds are the camera observations and the blue curves are simply Equation (7a) with the optimized coefficients. Both shots entered the target very close to the shot line but Shot 17 veered strongly downward while Shot 19 veered upwards. The high speed video data can also be analysed to find the orientation angle of the projectile. The horizontal camera data yields the up/down attitude angle in the laboratory reference frame. This differs from the usual definition of pitch that is referenced to the flight vector. Fig. 14 shows the vertical attitude with camera data as red diamonds. The blue curves are simply the arctangent of Equation (8a) divided by Equation (8c). Shot 17 had a slight downward tilt that was accentuated by the penetration event while Shot 19 showed the opposite. Note that both shots show that a significant turning rate has been induced and that the turning appears to be back toward the shot line. Again, the purpose of this diagnostic is to establish a method to determine the trajectory where the projectile is inside opaque media. In almost every case, the blue curves seem to be a good connection between the two sets of red diamonds. Both suggest projectile turning while it was within the opaque media.
In a similar fashion, the overhead camera shows the horizontal left/right attitude of the projectile. Again, the camera data is compared to the magnetic tracker results as shown in Fig. 15 . The blue curves are the arctangent of Equation (8b) divided by Equation (8c). As with the orthogonal direction the penetration event seems to show a restoring towards the shot line turning rate. 
Summary
The magnetic tracking diagnostic has successfully matched to camera data on three gas gun shots and more than thirty 50 mm shots. While the results are not yet as "Trusted" as high-speed camera data the trajectory information within the opaque media is proving to be quite useful. The quality of the tracking results from the magnetic probe diagnostic have significantly improved since the early experiments when permanent magnets were launched with a compressed gas launcher. This diagnostic is now considered to be "commissioned" with the data from the launch of a several projectiles through sand targets comparing quite favorably to high-speed video observations. The tracking technique is undergoing continuous improvement with attempts to find better probe placements, increasing number of probes and searches for better numerical methods to compute trajectory from measured voltages.
